How demyelination and remyelination affect the function of myelinated axons is a fundamental aspect of demyelinating diseases. We examined this issue in Trembler-J mice, a genetically authentic model of a dominantly inherited demyelinating neuropathy of humans. The K ϩ channels Kv1.1 and Kv1.2 channels were often improperly located in the paranodal axon membrane, typically associated with improperly formed paranodes, and in unmyelinated segments between internodes. As in wild-type nerves, Trembler-J nodes contained Nav1.6, ankyrin-G, ␤IV-spectrin, and KCNQ2, but, unlike wild-type nerves, they also contained Kv3.1b and Nav1.8. In unmyelinated segments bordered by myelin sheaths, these proteins were clustered in heminodes and did not appear to be diffusely localized in the unmyelinated segments themselves. Nodes and heminodes were contacted by Schwann cells processes that did not have the ultrastructural or molecular characteristics of mature microvilli. Despite the presence of Nav1.8, a tetrodotoxin-resistant sodium channel, sciatic nerve conduction was at least as sensitive to tetrodotoxin in Trembler-J nerves as in wild-type nerves. Thus, the profound reorganization of axonal ion channels and the aberrant expression of novel ion channels likely contribute to the altered conduction in Trembler-J nerves.
Introduction
The structure of the myelin sheath contributes to the unique spatial segregation of axonal ion channels . Voltage-gated Na ϩ (Nav) channels are concentrated at nodes of Ranvier, anchored to the actin cytoskeleton by nodal isoforms of ankyrin-G and ␤IV-spectrin. Juxtaparanodal voltage-dependant K ϩ channels, Kv1.1 and Kv1.2, are separated from the nodal region by paranodal septate-like junctions, which are formed by the association of neurofascin-155 kDa on the glial side with heterodimers of contactin and Caspr on the axonal side (Poliak and Peles, 2003) . The fast activation and inactivation of nodal Nav channels and the important nodal leakage current are sufficient to regenerate and repolarize the action potential (AP) (Schwarz and Eikhof, 1987; Schwarz et al., 1995) . Nodal voltagedependant KCNQ2, as well as juxtaparanodal Kv1.1 and Kv1.2 K ϩ channels, prevent aberrant firing after the AP. Voltagedependant K ϩ channels are not involved in AP repolarization at PNS nodes in mammals, and juxtaparanodal Kv1.1 and Kv1.2 may only serve to dampen the appearance of aberrant firing after the AP. Indeed, patients with mutation in the KCNA1 gene, which encodes Kv1.1, present myokymic syndromes (Browne et al., 1994; Eunson et al., 2000) . However, in the CNS, Kv3.1b is present at nodes and may participate to the repolarization (Devaux et al., 2002 (Devaux et al., , 2003 .
In addition to its biophysical consequences on the conduction of APs, demyelination alters the distribution of the axonal ion channels, which may worsen the regeneration and/or propagation of APs (Poliak and Peles, 2003; Scherer et al., 2004) . It remains to be determined whether this occurs in inherited demyelinating neuropathies, such as Charcot-Marie-Tooth disease type 1 (CMT1). These are common diseases caused by mutations in genes expressed by myelinating Schwann cells (Dyck, 1993; Lupski and Garcia, 2001; Wrabetz et al., 2001) . The most frequent forms, CMT1A, CMT1B, and CMT1X, are caused by mutations in PMP22, MPZ, and GJB1, which encode three components of the myelin sheath, peripheral myelin protein 22 kDa (PMP22), myelin protein zero, and connexin32, respectively. Although there are many causes of demyelination (Suter and Scherer, 2003) , the fundamental changes in the demyelinated axon may be the same and represent an opportunity to treat these, as well as other, kinds of demyelinating diseases.
We examined the composition and distribution of voltagegated ion channels and their possible physiological consequences in an animal model of CMT1A, the Trembler-J mouse. These mice have a dominantly inherited demyelinating neuropathy caused by a point mutation in Pmp22 that results in a Leu16Pro amino acid substitution, also found in one family with CMT1A (Suter et al., 1992a; Valentijn et al., 1992) . Heterozygote Trembler-J (Pmp22 TrJ/ϩ ) mice have a moderately severe demyelinating neuropathy with segmental demyelination and remyelination, as well as axonal atrophy (Henry et al., 1983; Robertson et al., 1997) . We report several changes heretofore not described: altered paranodal junctions, abnormally distributed Kv1.1 and Kv1.2 subunits, and heminodes and nodes that contain two un-usual subunits, Nav1.8 and Kv3.1b. As described previously for heterozygous Trembler (Pmp22 Tr/ϩ ) mice (Low and McLeod, 1977) , which are allelic to Trembler-J, these pathological changes are associated with slowed conduction (9 m/s), decreased amplitude, and dispersion of the compound AP (CAP), as well as an increased refractory period.
Materials and Methods
Electron microscopy. Mice were deeply anesthetized with chloral hydrate and then perfused with 0.9% NaCl, followed by 3% glutaraldehyde in 0.1 M phosphate buffer (PB). The sciatic and femoral nerves were removed and placed in fresh fixative overnight at 4°C, rinsed in PB, postfixed in 1% OsO4 (in PB), dehydrated in an ascending series of ethanol, and embedded in epoxy. Semithin sections were stained with toluidine blue; thin sections were stained with lead citrate and uranyl acetate and were viewed with a Zeiss (Oberkochen, Germany) EM 902 electron microscope.
Immunohistochemistry. Three-month-old male and female Pmp22
TrJ/ϩ mice and their Pmp22 ϩ/ϩ littermates were used unless otherwise indicated. The mice were killed according to University of Pennsylvania Institutional Animal Care and Use Committee guidelines. Teased nerve fibers were prepared from unfixed sciatic nerves as well as lumbar dorsal or ventral roots, dried on glass slides overnight at room temperature, and stored at Ϫ20°C. Unfixed lumbar dorsal root ganglia (DRGs) and spinal cords were embedded in OCT, and 5-to 10-m-thick sections were thaw mounted onto glass slides. Frozen sections and teased fibers were permeabilized by immersion in Ϫ20°C acetone for 10 min, blocked at room temperature for 1 h with 5% fish skin gelatin containing 0.1% Triton X-100 in PBS, and incubated overnight at 4°C with various combinations of primary antibodies: rabbit antisera against KCNQ2 [1:200 (Cooper et al., 2001 )], Kv3.1b (1:100; Alomone Labs, Jerusalem, Israel), Kv1.2 (1:100; Alomone Labs), Nav1.6 [1:100 (Caldwell et al., 2000) ], Nav1.8 [1:100 (Caldwell et al., 2000) ], Nav1.8 [1:500 (Djouhri et al., 2003) ], ankyrin-G [1:100 )], contactin [1:100 (Rios et al., 2000) ], ezrin-binding protein 50 kDa (EBP-50) (ab3452; 1:100; Abcam, Cambridge, MA), syndecan-3 [1:300 (Goutebroze et al., 2003) ], or Caspr [1:500 ]; and mouse monoclonal antibodies against panNav channels (K58/35; 1:250; Sigma, St. Louis, MO), Nav1.2 [1:100 (Rasband et al., 1999; Boiko et al., 2001 )], Nav1.2 (1:50; Upstate Biotechnology, Lake Placid, NY), Caspr [1:50 ], annexin II light chain (1:50; BD Transduction Laboratories, San Jose, CA), or myelin-associated glycoprotein (MAG) (clone 513, 1:100; Boehringer Mannheim, Indianapolis, IN); rat monoclonal antibody against E-cadherin (1:50; Sigma); chicken antibody against ␤IV-spectrin [1:500 (Komada and Soriano, 2002) ]; and a soluble construct of receptor protein tyrosine phosphatase ␤ conjugated to the human Fc fragment (RPTP␤-Fc) [1:3 (Peles et al., 1995)] . The slides were then washed several times and incubated with the appropriate fluorescein-and rhodamineconjugated donkey cross-affinity-purified secondary antibodies (1:100; Jackson ImmunoResearch, West Grove, PA). Slides were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) to visualize cell nuclei, mounted with Vectashield (Vector Laboratories, Burlingame, CA), examined by epifluorescence with tetramethylrhodamine isothiocyanate (TRITC) and fluorescein isothiocyanate (FITC) optics on a Leica (Nussloch, Germany) DMR light microscope, and photographed with a cooled Hamamatsu (Shizouka, Japan) camera. Digital images were manipulated into figures with Adobe Photoshop (Adobe Systems, San Jose, CA).
For the quantitative study of paranodes, the diameter and length of individual Caspr-positive paranodes was measured in teased fibers from Pmp22
TrJ/ϩ mice and their Pmp22 ϩ/ϩ littermates after immunolabeling with a rabbit antiserum against Caspr. For the quantification of Kv3.1b, nodes were identified using a mouse antibody against panNav. For Nav1.8, paranodes were labeled using a rat antibody against E-cadherin. For Kv1.2 quantification, nodes or paranodes were identified using a mouse antibody against panNav or MAG, and data were pooled together because of their similarity.
Immunoblots. Membranes were prepared from fresh spinal cord, and sciatic nerves were dissected from adult Pmp-22
TrJ/ϩ mice and their Pmp-22 ϩ/ϩ littermates. Tissues were homogenized in ice-cold 0.32 M sucrose and 5 mM Tris-Cl, pH 7.4, containing protease inhibitors [2 mM EDTA, 1 g/ml leupeptin and aprotinin, and 0.5 mM phenylmethylsulfonyl fluoride (Sigma)], and the homogenates were centrifuged for 10 min at 750 ϫ g. The supernatants were sedimented for 60 min at 17,000 ϫ g, and the resulting pellets were resuspended in 1 mM EDTA and 5 mM TRIS, pH 8.2, plus protease inhibitors, homogenized, and placed on ice for 30 min. The lysate membranes were then centrifuged 40 min at 27,000 ϫ g, and the pellet (P3) was resuspended in 150 mM NaCl and 25 mM Tris, pH 7.4, plus protease inhibitors, and stored at Ϫ80°C. Protein concentration was determined using the Bio-Rad (Hercules, CA) kit. From each sample, 100 g of protein were loaded on a 7.5 or 5% SDS-PAGE gel and then transferred onto a polyvinylidene difluoride membrane. Membranes were blocked for 1 h with 5% powdered skim milk-0.5% Tween 20 in PBS and incubated with rabbit affinity-purified antiserum against Nav1.8 (1:5000), Kv3.1b (1:500), or Kv1.1 (1:500). After several washes, the blots were incubated in peroxidase-coupled secondary antibodies against rabbit (1:2000; Jackson ImmunoResearch) for 1 h at room temperature, washed several times, and revealed using ECL plus (Amersham Biosciences, Arlington Heights, IL). Electrophysiology. After the mice were killed, the sciatic nerves were quickly dissected from Pmp22
TrJ/ϩ and their Pmp22 ϩ/ϩ littermates and transferred into artificial CSF (ACSF), which contained the following (in mM): 126 NaCl, 3 KCl, 2 CaCl 2 , 2 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 dextrose, pH 7.4 -7.5. The nerves were cut into 1 cm segments, desheathed to maximize the access to drugs, placed in a fourcompartment recording chamber, and perfused (at 1-2 ml/min) in 32°C ACSF equilibrated with 95% O 2 -5% CO 2 . The distal end was stimulated supramaximally (100 s duration) through two electrodes isolated with Vaseline, and recordings were performed at the proximal end. Signals were amplified, digitized at 500 Hz, and stored on a hard disk. Drugs were applied in the two central compartments of the chamber, separated from each other by Vaseline; measurements were made once the effects had reached a steady state, typically 30 -45 min after application. Nerves were continuously stimulated at a frequency of 0.25 Hz. The delay and duration of CAPs were calculated at half the maximal amplitude; the maximal amplitude and area under the curve were also measured (Stys et al., 1991) . For recruitment analysis, the amplitude of CAPs was measured and plotted as a function of the stimulation intensity. For refractory period analysis, two stimuli were applied at different intervals, and the amplitude of the second CAP was measured and plotted as a function of the stimulus interval.
Results

Demyelinated and remyelinated axons in Trembler-J mice
We examined the morphology of myelinated fibers by immunostaining teased fibers from adult sciatic nerves for E-cadherin or MAG. These molecules are localized to noncompact myelin (paranodes, incisures, and mesaxons) (Martini and Schachner, 1986; Fannon et al., 1995) , and their robust immunostaining facilitated the visualization of the of the internodal length and the myelin sheath itself. As observed previously in Trembler mice (Beuche and Friede, 1985; Friede, 1986) , their internodal length varied remarkably. Some myelin sheaths had relatively normal internodal lengths (hundreds of micrometers), with E-cadherin/ MAG staining that was appropriately pronounced at paranodes and incisures (Figs. 1, 2) (see Fig. 4 ). Most myelin sheaths, however, were inappropriately short (as little as 20 m) (Figs. 1 B, 3A) and had more diffuse E-cadherin/MAG staining. Normalappearing myelin sheaths and abnormally short/thin myelin sheaths were found on the same axon (Figs. 1, 2), supporting the idea that demyelination and remyelination are concurrent and ongoing processes in adult Trembler-J nerves (Sancho et al., 2001) .
Unmyelinated axonal segments between myelin internodes were a common finding (Figs. 1-5 ). These varied from a few micrometers to tens of micrometers in length. Many of the longer ones had an associated Schwann cell (as evidenced by a DAPI-positive elliptical nucleus) (Fig. 4 B) that presumably ensheathed the unmyelinated segment. Most unmyelinated segments, however, had no associated Schwann cell. Electron microscopy of adult Trembler-J nerves corroborates these findings: many large axons were ensheathed by Schwann cell processes, and some even lacked any ensheathment ( Fig. 3) (Henry et al., 1983; Robertson et al., 1997) .
Altered paranodes but intact septate-like junctions
To evaluate the organization of the paranodal region, we examined teased fibers that were immunostained for Caspr. Clustered Caspr staining was found in the paranodal region of every E-cadherin/MAG-positive myelin sheath, and diffuse Caspr staining was found in some unmyelinated segments (Fig. 1A,B) . The length of paranodal Caspr staining, however, was significantly shorter in Trembler-J than in wild-type (WT) axons of equal diameter ( Fig. 1C-E) . Because the paranode is formed by the lateral edge of the myelin sheath, the shorter length of Caspr staining is in keeping with the idea that the myelin sheaths are thinner in Trembler-J mice. Electron microscopy confirmed that myelin sheaths are thinner (Fig. 3B) and that paranodes have septate-like junctions (Fig.  3D) , demonstrating that paranodal adhesive junctions are not disrupted in the Trembler-J mice.
Altered organization of the ion channels in Trembler-J nodes
We first examined the localization of Nav channels in Trembler-J nerves using a monoclonal antibody that recognizes all isoforms (panNav). Nav channels were clustered at nodes; paranodes or internodes were not detectably stained (Figs. 2, 4, 5) . In unmyelinated segments, Nav channels were clustered at heminodes flanking the myelin sheaths; no staining was seen in the unmyelinated segment itself (Figs. 2, 4, 5) . We observed the same patterns of immunostaining for ␤IV-spectrin (Fig. 2 B) and ankyrin-G (data not shown), the two proteins that link Nav channels to the nodal actin cytoskeleton (Kordeli et al., 1995; Berghs et al., 2000) , and for KCNQ2 (Fig. 4 F, G,K ) .
In developing nodes, Nav1.6 replaces Nav1.2 (Boiko et al., 2001; Kaplan et al., 2001 ), but the expression of the latter is maintained or reinduced in certain pathological conditions (Craner et al., 2003; Rasband et al., 2003; Rios et al., 2003) . To determine whether this occurs in Trembler-J mice, we double-labeled teased fibers for Nav1.2 and Nav1.6. Nav1.6, but not Nav1.2, was found at nodes and heminodes in both adult WT and Trembler-J mice (Fig. 2C ). Nav1.6 was also absent from unmyelinated segments of axons, in agreement with the lack of panNav staining. The Nav1.2 antibody labeled initial segments of hippocampal neurons and some nodes in postnatal day 10 WT mouse sciatic nerve, confirming its proper reactivity (data not shown). These data demonstrate that nodes and heminodes in Trembler-J mice have the same molecular components as normal nodes.
Schwann cell specializations at nodes and heminodes
In our electron microscopic studies, we noticed that nodes and heminodes bordering unmyelinated segments were contacted by Schwann cells processes that were much larger and lacked the actin bundles that characterize Schwann cell microvilli in mature nodes (Fig. 3 B, C) . Because the microvilli of normal adult nodes contain the ERM proteins ezrin, radixin, moesin, as well as EBP-50 (Melendez-Vasquez et al., 2001; Scherer et al., 2001 ), we labeled Trembler-J fibers with EBP-50. There was punctate EBP-50 staining along myelin sheaths (Fig. 2 D) and detectable accumulations of EBP-50 at 40% of nodes and heminodes in Trembler-J mice (n ϭ 305), in contrast to 98% of nodes in WT mice (n ϭ 296) (Fig. 2 D, inset) . We tested the possibility that only mature nodes have EBP-50 by staining neonatal WT sciatic nerve for EBP-50 (P3, P10, and 3 months old). Even at P3, almost all nodes were EBP-50 positive (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), indicating that the lack of nodal EBP-50 staining in Trembler-J nodes is not simply the result of their immaturity. Similarly, another marker of nodal microvilli, syndecan-3 (Goutebroze et al., 2003) , was not consistently found at nodes and heminodes in Trembler-J mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Thus, the Schwann cell processes that contact Trembler-J nodes and heminodes lack typical ultrastructural and molecular specializations of the mature microvilli.
Altered localization of juxtaparanodal proteins
Given the evidence that the paranode is a barrier for ion channel diffusion (Pedraza et al., 2001; Poliak and Peles, 2003) , we investigated the localization of Kv1.1 and Kv1.2, using MAG as a paranodal marker. As noted previously in other demyelinating conditions (Rasband et al., 1998; Arroyo et al., 1999 Arroyo et al., , 2002 , Kv1.1 and Kv1.2 were colocalized (Fig. 4 A-E) . The distribution of Kv1.1/Kv1.2, however, was heterogeneous in Trembler-J mice; this could be related to the heterogeneity of the paranodal structure (Fig. 1) . Only 35% of the fibers had normal juxtaparanodal Kv1.2 staining, separated from the nodes by MAG-labeled paranodes (Fig. 4 A) , in contrast to 95% in WT nerves (Table 1) . Of the remaining fibers, 35% had diffuse Kv1.2 staining along their internodes with an increased intensity at presumptive paranodes (Fig. 4 B) , 15% had Kv1.2 in both the unmyelinated gap (between heminodes) and the paranodal region (Fig. 4C) , and 15% lacked detectable Kv1.2 staining. Double staining with the Nav channels revealed that the nodes and heminodes (Fig. 4 D, arrowhead) lacked Kv1.2 channels. Double labeling with Caspr (Fig. 4 E) or RPTP␤-Fc (data not shown) demonstrated that, despite the apparent paranodal localization of Kv1.1/Kv1.2, short paranodes still excluded Kv1 channels. Altogether, these results indicate that the integrity of the paranode is crucial for the juxtaparanodal sequestration of Kv1 channels but not their exclusion from the nodes/heminodes.
Aberrant expression of ion channels in
Trembler-J nodes PNS nodes in Mpz-null mice contain Nav1.8, a tetrodotoxin (TTX)-resistant channel (Ulzheimer et al., 2004) . In teased fibers from Trembler-J nerves (Table 1 ), Nav1.8 was found in 72% of nodes and heminodes (Fig. 4 H-J ) . Unmyelinated segments between heminodes did not contain detectable Nav1.8 immunostaining. Because Nav1.8 is expressed in sensory neurons (Akopian et al., 1996; Sangameswaran et al., 1996) and even in some CNS nodes (Arroyo et al., 2002) , we examined sciatic nerves as well as ventral and dorsal roots of adult WT and Trembler-J mice. We did not find Nav1.8-positive nodes in WT dorsal or ventral roots or in Trembler-J ventral roots, whereas many nodes were Nav1.8 positive in Trembler-J dorsal roots (data not shown). Because all nodes are Nav1.6 positive, Nav1.8 coexists with Nav1.6 at nodes and heminodes in sensory axons of Trembler-J mice. , and Nav1.6 ( C) but not Nav1.2 ( C). Unmyelinated segments (between heminodes) do not contain detectable levels of Nav channels or ␤IV-spectrin. A minority of Trembler-J nodes contain detectable amounts of EBP-50, a marker of Schwann cell microvilli ( D). Paranodes are labeled using RPTP␤-Fc, which binds to contactin. Scale bar, 10 m. Nav1.8 staining revealed similar numbers of small Nav1.8-positive neurons in lumbar DRGs of adult Trembler-J and WT mice (data not shown); there was no evidence of increased Nav1.8 expression in sensory neurons.
Kv3.1b is a voltage-dependent K ϩ channel mainly expressed in CNS nodes (Devaux et al., 2003) . Its expression was increased in Trembler-J nerves: nodal staining was more prominent (Fig. 5 A, B) , and a higher proportion of Trembler-J nodes were Kv3.1b positive (69 vs 20%) ( Table 1 ). Kv3.1b was found in heminodes but not in the unmyelinated segments between them (Fig. 5 B, C) . Kv3.1b-positive nodes were observed in both dorsal and ventral roots (data not shown), indicating that Kv3.1b expression is not a matter of axonal type. Because contactin and tenascin-R are present in CNS but not PNS nodes (Bjartmar et al., 1994; Rios et al., 2000) , both are plausible partners for addressing Kv3.1b to nodes (Devaux et al., 2003) . We excluded this possibility: tenascin-R was not detected (data not shown), and contactin was only found at paranodes in both WT and Trembler-J nerves (Fig. 5 E, F ).
To corroborate these findings, we immunoblotted homogenates of adult peripheral nerve from WT and Trembler-J mice for Nav1.8 and Kv3.1. In accord with our previous failure to detect Kv3.1 and KCNQ2 in immunoblots of normal adult nerve (Devaux et al., 2003 (Devaux et al., , 2004 , neither Nav1.8 nor Kv3.1 was detected (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Electrophysiology of Trembler-J nerves
To confirm and extend the above findings, we recorded extracellular CAPs. Compared with WT sciatic nerves, these were delayed, dispersed, and reduced 20-fold in amplitude in Trembler-J nerves (Fig. 6 A-F ) . Conduction velocity was decreased (9.1 Ϯ 1.9 vs 34.7 Ϯ 4.7 m/s). The decreased area under the curve of the CAPs, from 2692 Ϯ 1103 to 317 Ϯ 101 (arbitrary units; p Ͻ 0.001; one tailed t tests), indicates that the decreased amplitude is not the result of temporal dispersion alone; conduction failure and/or axonal loss also contribute. Altogether, these results demonstrated that the safety factor of AP propagation is decreased in Trembler-J nerves. The intensity of the stimulus required to recruit the Trembler-J CAPs was significantly higher (Fig. 6G) , and there was a small but significant increase in the refractory period of the CAPs (Fig. 6 H) , suggesting that Nav channels might remain inactivated longer in Trembler-J mice.
To evaluate the possible functional importance of nodal Nav1.8 expression in Trembler-J nerves, we compared the effects of TTX on the CAPs recorded from WT and Trembler-J sciatic nerves. If Nav1.8 was involved in AP regeneration at nodes and/or heminodes, then CAPs should be relatively resistant to low concentrations of TTX (10 -100 nM). We observed the opposite effect: TTX reduced the CAPs of Trembler-J nerves at even lower concentrations than in WT nerves (Fig. 7) . These results confirmed that the safety factor of AP propagation is decreased in Trembler-J nerves and indicate that TTX-sensitive subunits such as Nav1.6 are more important for AP regeneration. These findings do not exclude the possibility that Nav1.8 channels participate in AP regeneration; for example, they might be activated consequently to TTX-sensitive channels.
Discussion
Paranodal alterations in Trembler-J nerves
Our results extend previous studies on heterozygote Trembler and Trembler-J nerves, which described morphology changes, notably the presence of segmental demyelination and remyelination, as well as Schwann cell proliferation, apoptosis, and axonal loss (Low, 1976a,b; Henry et al., 1983; Beuche and Friede, 1985; Friede, 1986; Robertson et al., 1997 Robertson et al., , 1999 . These changes are not unique to Trembler and Trembler-J but rather are characteristic of all severe, demyelinating neuropathies, including Pmp22-and Mpz-null mice (Wrabetz et al., 2004) . mature myelinated fibers (Pedraza et al., 2001) , suggesting that remyelination recapitulates development but results in thinner than normal myelin sheaths.
Altered paranodes in
Despite their aberrant size, paranodes still segregated Kv1.1 and Kv1.2 from the nodes. In many cases, the separation was small and certainly improper for electrical insulation of the internodal regions; this probably contributes to the electrophysiological abnormalities in Trembler-J mice. In various mutant mice that lack septate-like junctions (with otherwise intact myelin sheaths), Kv1.1 and Kv1.2 abut nodal Nav channels, with demonstrable electrophysiological consequences (Coetzee et al., 1996; Dupree et al., 1998; Bhat et al., 2001; Boyle et al., 2001 ). Kv1.1 and Kv1.2 were found in unmyelinated segments (between heminodes) but did not colocalize with the Nav channels, indicating that the exclusion of Kv1.1/Kv1.2 from nodes does not require the presence of paranodes. Perhaps nodes have a diffusion barrier preventing the lateral diffusion of molecules, like axon initial segments (Winckler et al., 1999; Nakada et al., 2003) .
Channel subunits in Trembler-J nodes
Ankyrin-G has been reported previously to cluster at nodes and heminodes in Trembler-J mice (Lambert et al., 1997) . We herein show that not only ankyrin-G clusters at nodes and heminodes but also KCNQ2, Nav channels, and ␤IV-spectrin, and that none of these constituents are detectable in unmyelinated segments between heminodes. These nodes and heminodes were covered by Schwann cell processes that lack many of the distinct ultrastructural and molecular characteristics of microvilli, yet may, nevertheless, mediate nodal clustering of axonal molecules (Vabnick et al., 1996; Rasband et al., 1999; Scherer et al., 2004) . Whereas trans-interactions between Schwann cell microvilli and nodal axonal membranes have been proposed to cluster Nav channels Saito et al., 2003; Salzer, 2003) , the molecules that mediate these interactions have not been identified. Our findings indicate that neither EBP-50 (and by extension, ERM proteins) nor syndecan-3 are required for the proper nodal clustering of axonal proteins. This conclusion does not contradict previously published data (Scherer et al., 2001; Gatto et al., 2003; Goutebroze et al., 2003; Melendez-Vasquez et al., 2004) because ERMs, EBP-50, and syndecan-3 have only been shown to mark the glial processes that are found in conjunction with nodal clusters; there is no evidence that any of these molecules are required for nodal clustering.
Nav1.2 was not detectably expressed in Trembler-J sciatic nerves. This contrasts with the CNS, in which Nav1.2 appears to be reexpressed or retained at nodes and along the axon after demyelination or dysmyelination (Boiko et al., 2001 (Boiko et al., , 2003 Kaplan et al., 2001; Craner et al., 2003; Rasband et al., 2003; Rios et al., 2003; Suzuki et al., 2004) . Nav1.2, however, is not widely expressed by PNS and spinal cord neurons (Westenbroek et al., 1989; Waxman et al., 1999; Arroyo et al., 2002) , so perhaps the phenomenon of Nav1.2 retention/reexpression is limited to the neurons expressing it. The nature of the myelinating glial cell may also influence the expression of the nodal Nav subunit, as suggested by Suzuki et al. (2004) in mice that lack sulfatide.
Both Mpz-null mice (Martini et al., 1995; Ulzheimer et al., 2004) and Trembler-J mice have increased nodal expression of Nav1.8, indicating that this may be a general alteration in demyelinating neuropathies. Because Nav1.8-positive nodes were detected in dorsal but not in ventral roots, it is likely that only sensory axons express it. Although 80% of myelinated axons in the rodent sciatic nerve are sensory (Swett et al., 1991 (Swett et al., , 1995 , Nav1.8 is mainly express by nociceptive neurons, which lack myelinated axons (Akopian et al., 1996; Sangameswaran et al., 1996) . These data imply that myelinated sensory afferents acquire nodal Nav1.8 expression, but they do not illuminate the cause. It is unlikely that annexin II is involved, as described for dorsal root ganglion cells (Okuse et al., 2002) , because we did not detect it at nodes (data not shown). Because we did not detect widespread Nav1.8 expression in developing nerves (data not shown), it is unlikely that its increased expression in Trembler-J nerves represents a persistence/recapitulation of development, as has been argued for Nav1.2 in the CNS (see above). The nodal expression of Nav1.8 could be related to inflammatory changes that occur in demyelinating neuropathies (Maurer et al., 2002) , as Nav1.8 expression increases after nerve injury (Akopian et al., 1999; Gold et al., 2003; Roza et al., 2003) . This possibility seems unlikely because there were no obvious differences in the number of Nav1.8-positive neurons in the lumbar ganglia or in the intensity of immunostaining of unmyelinated axons between Trembler-J and WT mice (data not shown) (cf. Gold et al., 2003) .
Kv3.1b in Trembler-J nodes
Trembler-J nodes appear to contain increased levels of Kv3.1b, which may be source of the fast nodal current, K f2 (Corrette et al., 1991) . As we reported previously (Devaux et al., 2003) , Kv3.1b is mainly detected at CNS nodes; a low proportion of PNS nodes are Kv3.1b positive in WT nerves and are less strikingly stained than those in Trembler-J. We excluded the possibility that contactin or tenascin-R might address Kv3.1b to nodes, because these two proteins were absent from Trembler-J nodes. Unlike Nav1.2, Kv3.1b is not expressed at early stage of myelination in the PNS (Devaux et al., 2003) . Therefore, its presence cannot be explained by nodal retention, as suggested for Nav1.2 in Caspr-or Cst-null mice (Rios et al., 2003; Suzuki et al., 2004) . Whether the mechanism of increased nodal Kv3.1b expression is related to the increased expression of Nav1.8 remains to be determined.
Electrophysiological alterations in chronic demyelination
Nerve conduction velocities (NCVs) are a traditional of classifying CMT. For autosomal dominant forms, whether the forearm motor NCVs are greater or less than 38 m/s is a useful, but sometimes inaccurate, way of separating the neuronal/axonal forms Contactin is found at paranodes (double arrowheads) but not nodes in both WT (F) and Trembler-J (E). Scale bars, 10 m. Data were collected from Trembler-J (n ϭ 3) mice and their WT littermates and are represented as percentage of the total number of nodes and heminodes examined. The nodal and paranodal regions were identified using a monoclonal antibody against panNav and a monoclonal antibody against MAG or E-cadherin, respectively. N.F., None found.
(CMT2) from the demyelinating forms (CMT1), respectively (Harding and Thomas, 1980; Kleopa and Scherer, 2002) . NCVs are comparably affected in Trembler-J mice (9 m/s) as in humans with the identical mutation (9 -15 m/s) (Valentijn et al., 1992; Hoogendijk et al., 1993) . NCV are even slower (5 m/s) in Trembler mice (Low and McLeod, 1977) and humans with the identical missense mutation (Gly150Asp) (Suter et al., 1992b; Ionasescu et al., 1997) , which correlate with their more severe demyelinating neuropathy (Low, 1976a,b; Henry et al., 1983; Beuche and Friede, 1985; Friede, 1986) . Humans with the other missense mutations also present severe phenotypes and severely slowed NCVs (Fabrizi et al., , 2000 Simonati et al., Fabrizi et al., 2001 ) (for review, see Nelis et al., 1999) . In addition to slowed NCVs, Trembler (Low and McLeod, 1977) and Trembler-J (this study) mice have an abnormal refractory period and recruitment. At stimulus intensities sufficient to recruit nearly all fibers in WT nerves (ϳ4 V), only one-half were activated in Trembler-J nerves. These findings can be explained by the biophysical changes in Trembler-J nodes, notably by decreased myelin and paranodal resistance, increased nodal area, and therefore increased nodal capacitance and conductance. It is likely that the K ϩ channels found at nodes and unmyelinated segments participate in these abnormalities by shunting down the depolarizing currents. Whether abnormalities in Nav1.6 contribute to these electrophysiological abnormalities is uncertain: Nav1.6 appears to be properly clustered at nodes and heminodes, but it is possible that the density of Nav1.6 is decreased.
Slowly inactivating Nav1.8 subunits (Akopian et al., 1996; Sangameswaran et al., 1996) might contribute to the increased refractory period of Trembler-J nerves. TTX treatment, however, failed to provide evidence for a role of Nav1.8 in AP regeneration. In addition, vinpocetine, which blocks Nav1.8 channels without any known effects on the other Nav subunits (Zhou et al., 2003) , did not have much effect on Trembler-J nerves (100 M; data not shown). Thus, whether Nav1.8 functions at Trembler-J nodes remains to be proven. Even if nodal Nav1.8 subunits at nodes do not affect conduction, increasing their activity/functionality could be therapeutic, because decreasing the inactivation of the Nav channels might favor axonal conduction (Bostock et al., 1978) .
